Tribology of hip joints is reviewed, covering a full spectrum from natural hip joints to total hip replacements, as well as tissue engineered articular cartilage. The importance of integrated tribological studies of contact mechanics, friction, wear and lubrication, as well as fully coupled with biological considerations, has been emphasized. The exact lubrication mechanism in natural hip joints is still not clear, although the unique biphasic characteristics of articular cartilage play an important role. Tribological studies of bearing surfaces for artificial hip joint replacements are important in developing and optimizing alternative material combinations to conventional polyethylene. Recently developed tissue engineered articular cartilage has been shown to be inadequate as far as the tribological property is concerned.
Introduction
Natural hip joints are remarkable bearings in engineering terms. The bearing materials are articular cartilage, supported by subchondral bones and lubricated by synovial fluid. The load experienced in hip joints during normal steady walking can reach up to three to five times bodyweight, while a wide range of motions are encountered. The healthy hip joint can last for more than 70 years with minimum friction and wear. However, diseases or trauma can severely impair the normal function of the hip joint, resulting in the loss of articular cartilage and consequently causing pain and restricted movement. Sometimes, the diseased or damaged hip joints have to be replaced by artificial materials, in a procedure referred to as total hip arthroplasty. Such a surgical technique has been shown to be one of the most successful treatments of hip joint diseases developed in the last fifty years. Currently, there are about 1 million hip joint replacement operations carried out world-wide annually. One of the dominant types of these medical devices takes the form of an ultra high molecular weight polyethylene (UHMWPE) acetabular cup against a metallic or ceramic femoral head as shown in Figure 1 . The majority of artificial hip joints employing such a material combination fail after 10 to 15 years in the body, as a result of loosening (1) . It is now generally accepted that the loosening is caused by adverse tissue reactions to particulate debris, mainly generated at the articulating surfaces. Therefore, understanding of the tribology of the bearing surfaces and the biological tissue reactions to wear debris plays an important role in prolonging the life span of artificial hip joints. The clinical limitation of current artificial hip joints of 10 to 15 years puts serious restriction to the use of these devices in young and active patients, with life expectancy after surgery in excess of 25 years. Currently, there are two broad strategies to avoid revision. One is to improve conventional polyethylene total joint replacements by using novel bearing couples to reduce wear and wear particle generation, and this should extend the clinical lifetime of the implant. Examples include the use of highly cross-linked UHMWPE, metal-on-metal and ceramic-on-ceramic combinations as illustrated in Figure 2 .
The use of these novel bearing couples is further complemented by the more recent introduction of minimally or less invasive and conservative bone preserving surgeries such as surface replacement hips (2) as shown in Figure 3 . While these approaches maintain more bone stock, which makes a subsequent operation easier, as total joint replacements, they continue to replace articular cartilage on both sides of the articulation. Furthermore, the long-term clinical outcome of these alternative bearings beyond 30 years remains unclear, and there are still a number of long-term clinical concerns. These include the systemic transport of metallic ions and potential metabolic, immunologic, or carcinogenic toxicity of metallic elements for the metal-on-metal articulation (3) and long-term stability and potential fracture of ceramic components. The alternative strategy is to develop biological solutions through tissue engineering approaches using cells, scaffolds and bioactive factors (4) .
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Although these biological solutions offer a long term hope, currently they are not widely used in clinics due to a lack of biomechanical function, failure of integration, and economic and regulatory barriers to commercial realisation. Consequently, there are emerging interests in earlier intervention approaches, which attempt to retain some or all of the functional articular cartilage. These treatments are made feasible by the possible early detection of the onset of the cartilage degradation using recently developed imaging technologies and computer guided surgery. Typical examples include viscosupplementation, hemi surface replacement, spacer technology, cartilage substitution, defect repair systems, self assembling gels and cell transfer. The main goal in these approaches is to delay further progression of cartilage degeneration, whilst relieving pain and restoring function, and to prolong the time before the end-stage total joint replacement.
The aims of this review will focus on the tribology of the bearing surfaces of both natural hip joints and various therapeutic options, covering the whole spectrum from natural tissues to end-stage total hip replacements. Studies of the biological reactions to wear debris (1) and clinical performance are equally important. These topics have been extensively covered elsewhere and will not be addressed in this review.
Tribological Methodology
Tribology is defined as "the branch of science and technology concerned with interacting surfaces in relative motion and with associated matters as friction, wear, lubrication, and the design of bearings" (Oxford English Dictionary). It is therefore important to address friction, wear and lubrication in an integrated tribological study.
Friction, wear and lubrication are closely linked. Friction often indicates the lubrication regime involved. Lubrication analysis can often help to reduce friction and wear. Both experimental and computational approaches have been adopted to investigate the tribological problems in hip joints. For example, friction and wear are usually studied experimentally while lubrication can readily be modelled computationally. Both simple screening devices and whole hip joint simulator models have been developed. The bearing specimens are often simplified in order to facilitate the tribological studies of the natural hip joint, for example, using cartilage against a biomaterial, although such a configuration is also directly applicable to hemi-arthroplasty.
Coupled tribological and biological approaches are generally required for the study of hip joints. Tribological studies provide inputs of wear debris required for the investigation of biological reactions to wear debris. Studies of biological reactions to wear debris are equally important and can often differentiate further different tribological systems. Furthermore, the biological environment, under which tribological studies are conducted, is becoming more important for the study involving natural articular cartilage and tissue-engineering. Equally important is the tribology system, which may be used as a bioreactor for tissue engineering of cartilage (5, 6) .
Tribology of Natural Hip Joint 3.1.1 Summary
The development of our present understanding of natural hip joint lubrication has proved to be a long and difficult process. The first reference to this subject was made by Sir William Hunter (7) . Numerous studies have since been devoted to the understanding of the tribological mechanism in natural hip joints using both experimental and computational approaches. Extensive experimental measurements of friction (8) and computational simulation of lubrication (9) have been carried out in order to understand the lubrication mechanism. However, relatively little has been studied in regard to the wear of cartilage. Many lubrication theories have been proposed for natural hip joints. These include conventional engineering forms such as hydrodynamic, elastohydrodynamic (on both macro and micro scales (9) ), squeeze film and boundary lubrication (10, 11) , as well as unique mechanisms pertaining to articular cartilage such as weeping, boosted, floating, ultrafiltration, electrostatic, biphasic, protein-hyaluronic acid network etc (12) . Despite these efforts, the exact lubrication mechanism in natural synovial joints is still not clear. It is probably reasonable to assume that a combination or multi-mode of the above mentioned individual forms of lubrication, rather than a single one exists, to provide a remarkable tribological performance of articular cartilage in synovial joints (13) .
Biphasic Lubrication of Articular cartilage
The importance of the unique biphasic characteristics of articular cartilage has long been recognised in the lubrication of synovial joints, in the form of both weeping and boosted lubrication theories proposed by McCutchen (14) and Walker et al (15) , respectively. A more general biphasic lubrication theory was subsequently proposed by Mow and Lai (16) .
However, it was not until in the late 1990s that both friction and interstitial fluid pressurisation were comprehensively addressed (17) (18) (19) . Extensive friction studies have been carried out under a wide range of tribological conditions to investigate the biphasic lubrication of articular cartilage. Under both start-up and reciprocating motions of a cartilage plug against a metallic counterface, friction was found to increase with loading time (17, 20) . This was confirmed in a whole joint model study conducted by Mabuchi et al (21) .
The transient friction behaviour observed is a direct result of the interstitial fluid pressurisation and fluid load support, which was directly measured experimentally (19, 22) .
Such an action can be further enhanced by the inhomogeneous and non-linear tensile and compressive properties of cartilage (23) . However, for a similar configuration but under cyclic loading, friction was found to be similar or even at a higher level (24) . The importance of a migrating contact area and fluid re-hydration in reducing friction was firstly demonstrated by Forster (25) , and has been confirmed recently by Caligaries and Ateshian (26) . Furthermore, a wide range of tribological conditions were developed by specifying the relative stroke length to the contact area so that different degrees of loading and unloading of cartilage were investigated (27) . The importance of the biphasic lubrication has also been studied by chemical treatments of articular cartilage to alter the fluid pressurisation such as chondroitinase ABC (28) (29) (30) (31) . However, the results obtained have been found to be contradictory; Pickard et al (28) found no major differences while Kumar et al (29) and Basalo et al (30, 31) showed a significant increase in friction. Subsequently, Katta et al (32) showed that no difference was observed under start-up conditions while a large increase up to 50% was found under a sliding motion when the biphasic lubrication mechanism was important. The effect of collagenase enzymatic degradation on interstitial fluid pressurisation and friction was studied by Basalo et al (33) and Naka et al (34) , respectively. Basalo et al (33) found that the fluid load support was significantly reduced, following enzymatic treatment. However, Naka et al (34) only found that the friction was gradually increased, after decreased at the beginning of sliding, compared with the normal specimens. The reduction of the initial friction was explained from the measurements of increased water content and a decrease in glycosaminoglycans (GAGs). Furthermore, damaged cartilage models through roughening with a standard-grade emery paper showed a higher level of friction (27) . Removal of the superficial zone (~ 100 µm) was not found to cause any increase in friction, however the friction in the microtomed deep zone was shown to decrease (35) .
A number of recent studies have independently identified a surface layer on cartilage surface. Kobayashi et al (36, 37) have found a "surface amorphous layer" on the cartilage surface using a cryo-scanning electron microscope. These authors further suggested that this "amorphous layer", from 2 to 200 µm thick, mainly consisted of proteoglycan molecules, which is different from the superficial layer of articular cartilage which mainly consists of a collagen-fibril network and chondrocytes. They also described this layer as being able to expand and diminish rapidly and independently of the underlying collagen matrix, following loading and subsequent load removal, implying the layer's high permeability. Similar observations were made by Sasada (38) , Ikeuchi and Oka (39) , Sawae and Murakami (40) ,
Kumar et al (29) and Crockett et al (41) , but these authors called this layer "gel layer", in which the condroitin-or keratan sulphates composing the leafs of the proteoglycan subunit are hydrated. Such a biphasic amorphous surface layer has been shown to significantly enhance the fluid load support and reduce friction accordingly (42) . Furthermore, removal of the surface layer was found not to change the friction due to the regeneration and replenishment of GAGs, mainly as a result of mechanical action (43) .
Tribology of Cartilage Substitution Therapies
Therapeutic injections of hyaluronic acid (HA), as part of "viscosupplementation" treatments, have been introduced to treat early stage osteoarthritis. Tribological studies of these therapeutic lubricant injections are, however, rather limited. Mabuchi et al (44) found that HA was effective when the cartilage surface was washed with saline, however, the molecular weight of the HA used was found to have a negligible influence on the friction. This was explained by the non-Newtonian shear thinning characteristics of HA, and the high shear rates experienced at the articulating surfaces. Bell et al (27) showed that hyaluronic acid was only effective in reducing friction under the conditions when the biphasic lubrication was depleted, such as at start-up. This was further demonstrated by Forsey et al (45) , who used damaged human cartilage specimens (osteoarthritis). In addition, a similar effect was observed with the introduction of dipalmitoyl phosphatidylcholine (DPCC) with sufficient concentration and further benefit was achieved with the combination of HA and DPPC. Furthermore, removal of lipids and proteins were found to increase friction only slightly (46) . Other potential therapeutic lubricants include self-assembling peptides (47) .
Hemi-arthroplasty has been used clinically for many decades, including stemmed metallic femoral heads such as Moore and Thompson prostheses, and more recently metallic resurfacing heads (48) . However, a metallic head which articulates with acetabular cartilage has been frequently reported to lead to cartilage degeneration, and therefore, the use of alternative cartilage substitution materials becomes necessary. While theoretically lower modulus single phasic materials can promote fluid film lubrication (49, 50) as with a "cushion form" bearing, however, these essentially only produce low friction under periods of continuous motion and dynamic loading. Different biomaterials have been investigated for potential use for hemiarthroplasty, including single phasic materials such as cobalt chromium alloy (51) , ceramic (52) and polyurethane (53) as well as biphasic hydrogels such as water swollen polyhydroxyalkacrylic (54) , PVA (55) , semi-interpenetrating network methacrylate (56) and methyl methacrylate acid (57) . Friction of these biomaterials against articular cartilage is mainly governed by the biphasic characteristics of the bearing surfaces discussed in Section 3.1.2, with hydrogels producing friction closest to cartilage.
Tribology of Artificial Hip Joint Replacements
Extensive wear studies have been conducted on artificial hip joints due to the clinical relevance of wear debris induced adverse tissue reactions, osteolysis and loosening (1) . The vast majority of these studies to evaluate the wear performance of hip prostheses have simply measured the volumetric wear rate, and very few groups have investigated the characteristics of the wear particles generated in in-vitro simulations. Even fewer groups have combined the tribological studies of wear debris with the cellular response to prosthetic wear particles. Fisher et al (58) introduced a relative index of specific biological activity (SBA) per unit volume of wear, and a functional biological activity (FBA), defined as the product of volumetric wear and SBA. Such a combined tribology and biology methodology has been extensively used to evaluate and compare different bearings for artificial hip joints (59) .
Friction and lubrication are often considered, along with wear, in order to understand the wear mechanism, so that wear particle generation can be minimised. Friction is usually measured to determine the lubrication regime (60) . Lubrication can be studied either experimentally using an electrical resistance technique (61) or theoretically (62) . Laboratory wear simulation includes an array of testing, from simple hip simulators with only one loading and one motion, to full hip simulators consisting of a three dimensional physiological load and motion, determined from normal gait cycles, with varying degrees of complexity (63) .
Cross-linked UHMWPE
There has been significant interest recently in the wear of hip implants employing highly cross-linked polyethylene cups. A remarkable reduction in wear volume has often been observed in simulator studies of these materials. However, the amount of wear reduction appears to be dependent on cross-linking, kinematics, counterface roughness and bovine serum concentration. An eight fold reduction in the volumetric wear rate of the highly cross-linked polyethylene was measured, as compared to conventional polyethylene (64, 65) .
These findings are consistent with recent retrieval studies (66, 67) . These clinical findings differ from other studies which have shown zero wear and the retention of machining marks on the polyethylene (68, 69) . The use of ceramic femoral heads reduced the wear of conventional polyethylene by 35% and highly cross-linked polyethylene by 40% (59) . However, the highly cross-linked (higher molecular weight) polyethylene produced smaller wear debris, with a larger proportion of its volume in the submicron size range, making it more biologically active than the conventional polyethylene wear debris (64, 65) . The SBA of the highly cross-linked polyethylene was close to twice that of the conventional polyethylene, however, the reduction in wear rate of the highly cross-linked polyethylene was sufficient to produce a four-fold lower FBA value, compared to the conventional polyethylene (59) .
Studies of 36 mm diameter heads against highly cross-linked polyethylene cups (10 MRad E beam) showed a higher wear rate of 10.6 ± 1.4 mm 3 /million cycles, more than twice the value found for 28 mm diameter heads (59) . Therefore, the use of highly cross-linked polyethylene in large diameter bearings is called into question (68) .
Ceramic-on-ceramic
Alumina ceramic on ceramic bearings with a 28 mm diameter have a wear rate of less than 0.1 mm 3 /million cycles under standard simulator conditions, which is 50-fold lower than highly cross-linked polyethylene and 350 times lower than standard polyethylene (59) .
However, standard simulator conditions have not been found to replicate the stripe wear observed on the head of retrievals (70) , which is thought to be related to head and cup rim contact after microseparation in the swing phase. Simulation of microseparation in the hip simulator has replicated the stripe wear observed on retrievals and produced a steady state wear rate of 1.4 ± 0.2 mm 3 /million cycles (71) . Analysis of the wear debris from the microseparation simulations has also shown a bimodal size distribution, which is consistent with retrieval studies (72) . Nanometer size debris was identified from the normal articulation surfaces, with larger micron size granules resulting from grain boundary failure, and pull out from the stripe wear area (73) . Cell culture studies showed the alumina debris produced from microseparation simulation studies to be less reactive than conventional and cross-linked polyethylene debris with a SBA of 0.18 (59) . This, when combined with the reduced wear volume, results in a substantially reduced FBA, which is almost 20 times lower than that predicted for highly cross-linked polyethylene, and 80 times lower than conventional polyethylene.
Metal-on-metal
Tribology of metal-on-metal (MOM) bearings for artificial hip joints is quite complex. It is generally accepted that a mixed lubrication regime exists in MOM bearings. Therefore, wear of this type of hard-on-hard bearing not only depends on the metallic materials, but also the lubrication regime. Two distinct wear phases are generally observed, the initial running-in phase with a relatively high wear rate, followed by a steady-state phase, with a much reduced wear rate. It is generally accepted that high carbon (> 0.2%) cobalt chromium alloy should be used, and differences in either cast or wrought, or processing routes such as hot iso-static pressing and solution annealing or as cast do not appear to make a significant difference in the wear of MOM bearings (74) (75) (76) . Boundary lubrication can influence the wear of MOM bearings, and the concentration of bovine serum can be important. However, only a small influence has been shown in a recent review by Scholes and Unsworth (77) . An increase in serum concentration appears to reduce both friction and wear, as a result of improved boundary lubrication. However, no well controlled and directly comparative studies appear to have been undertaken, and the effect of serum concentration can often be masked by other parameters. More important are the design and loading parameters, which can influence fluid film lubrication, and consequently significantly wear. For example, an increase in the applied swing phase load has been shown to produce higher wear in MOM bearings (78) . The elevated wear with elevated swing phase load has been also associated with an elevated coefficient of friction. These changes in friction and wear with increased swing phase load are indicative of a reduction in fluid film lubrication (79) . Wear of MOM bearings reduces as the head diameter increases from 28 mm (59, 80, 81) . These observations are consistent with theoretical lubrication analysis (82) , since increase in head size not only increases the effective radius but also the sliding velocity. An increase in the radial clearance increases the wear in MOM bearings, due to depleted fluid film lubrication. This is particularly important for large diameter MOM bearings for hip resurfacing prostheses, since an excessive clearance, coupled with the large diameter, can significantly increase the sliding distance, and adversely elevate wear. Metallic cobalt chromium wear particles have been found to be in the nanometer size range (mean size 28 nm), and cytotoxic to cells at concentrations of 5 µm 3 per cell and greater (83) . As a result of the effect of metal ions on macrophages, metallic particles do not stimulate an inflammatory response in the same way as polyethylene particles. The cytotoxic effect of the metallic debris remains a clinical concern (84) and has been a substantial factor in seeking a reduction in the volume of metal wear and reduction in ion levels.
Ceramic-on-metal and Surface engineered coatings
Ceramic on metal bearings have been studied by Firkins et al (85) and the wear was found to be one hundred-fold lower than with MOM bearings (28 mm diameter). Such a wear reduction with the ceramic on metal bearings has been attributed to the differential hardness of the bearing surfaces, smoother surfaces, improved lubrication, and a reduction in corrosive wear. Surface engineered coatings have also been introduced to reduce wear further in MOM bearings (86) . For example, the wear of thick CrCN bearings (> 10µm) has shown a highly significant 100-fold reduction in wear, compared to standard MOM bearings (86, 87) . The wear debris from CrCN has been found to be more biocompatible and less cytotoxic than the metallic debris (88) .
Tribology of Tissue Engineered Cartilage
Tissue engineering of articular cartilage has been developed extensively in the last five to ten years. However, it is only recently that the functional requirements of tissue engineered cartilage have been addressed, such as tribological characteristics. A number of centres have investigated the friction of tissue engineered articular cartilage (89) (90) (91) and the boundary lubricating properties of lubricin (92) (93) . Generally, the friction of tissue engineered cartilage has been found to rise more quickly with loading time, than natural articular cartilage. This is consistent with poor mechanical and biphasic properties of tissue engineered cartilage.
Discussion
Lubrication studies of the natural hip joint are initially driven by the need to understand the remarkable tribological functions and failures of these natural bearings. Success of end-stage total hip joint replacements has helped millions of people suffering from joint diseases and trauma. Coupled studies of the tribology of the bearing surfaces and biological reactions to wear debris have contributed to such successes. However, the limitation of end-stage hip joint replacements means that alternative more conservative therapies are required for younger and more active patients. This has introduced new challenges in the tribological methodologies and biological considerations, and also the need to better understand the tribology of natural hip joints. Integration of individual studies of friction, wear and lubrication, coupled with biological considerations, are vital in the understanding of the tribology of hip joints and the design and optimisation of existing and future therapeutic interventions.
